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ABSTRACT 
 
Multi-stage hydraulic fracturing is the most commonly used completion technique to 
produce oil and gas from unconventional reservoirs. The fracture surfaces create a highly 
conductive area for the drainage of the hydrocarbons from a tight matrix. It is therefore believed 
that the production performance for unconventional reservoirs is mainly controlled by the fracture 
and completion design. However, the in-situ properties of the reservoir matrix and the fluid 
compositional variability in the matrix could also influence the production performance. 
Therefore, it is necessary to clearly identify the most important parameters related to both matrix 
and fractures, in order to fully optimize the production from the unconventional reservoirs. 
In this paper the fractional factorial experimental design is used to perform sensitivity 
analyses on the unconventional reservoir parameters. This approach allows us to screen the most 
important matrix and fracture parameters that will affect the production and rank them based on 
their individual weighting factors. The approach is simulation-based and uses an in-house 
compositional flow simulator for deformable organic-rich source formations. The problem 
includes a selected list of 15 parameters related to the formation, fracture and fluid properties, and 
wellbore conditions. The screening considers the evolution of the weighting factors, during 1, 5 
and 10 years of production.  
The results show that 9 out of 15 major parameters dominate the production performance 
of the well, which are matrix porosity, bottomhole pressure, stress-dependence of the matrix 
permeability, fracture width, fracture permeability and large pore threshold. The rank of each 
parameter is dependent on the production time. 
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1. INTRODUCTION 
 
1.1. Introduction 
Shale gas is considered an important unconventional natural gas resource. The shale gas 
resources have extremely low intrinsic permeability for gas to flow to the production well, 
therefore conventional well completion such as cemented casing with perforations is not sufficient 
to commercially produce the gas from the reservoir. One completion technique that is commonly 
used for the exploitation of these resources is multi-stage hydraulically fracturing. Fracturing the 
well creates a highly conductive area for the drainage of the hydrocarbons from the tight matrix 
into the wellbore.  
The production profile from resource shales typically shows high initial production rate 
followed by a sharp decline, where higher initial production could be attributed to the overpressure 
in the formation and the fluid flow in the hydraulic fractures. An enhancement in the fracture 
surface area results in a corresponding increase in the recovery from the well. After the sharp 
decline, the production profile transitions into a flow regime that could be characteristic of the 
slow release of the formation fluids from the ultra-tight matrix into the fractures. Even though the 
rate of fluid transport in these matrices is not expected to be as high as in the fractures, the effects 
of the fluid transport in the matrices generally lasts for much longer periods in comparison to the 
effects of the fluid transport in the fractures.  
In order to understand the characteristic behavior of the shale formations, several 
investigations have been reported on the shale matrix characterization. Wang and Reed (2009), 
Loucks et al., (2009, 2012) and Ambrose et al., (2012) used scanning-electron-microscope (SEM) 
images, which identified the presence of multiple continua in the shale formation, comprising 
2 
 
inorganic matrix, organic matrix and fractures. The inorganic matrix mainly consists of clays, 
quartz, carbonates, pyrite and feldspar, and has pores that are mostly slit shape, or micro-cracks 
and fractures, while the organic matrix, also known as kerogen, is finely dispersed in the inorganic 
matrix and have significantly smaller dimensions. Depending on its level of maturity, kerogen 
typically features round pores of various sizes and pore connectivity. Ambrose et al. (2012) used 
focused ion beam SEM on Barnett shale samples and showed that the organic pores are 
interconnected and may include a network of small pores and capillaries with size less than 100 
nanometers (nm), as shown in Figure 1. Passey et al., (2010) showed that these organic nanopores 
could contribute more than 50% to the total pore volume. In shale gas reservoirs, the natural gas 
in the formation could be stored as adsorbed gas, on the internal surfaces of the organic pore 
network, or as free gas, within the organic or inorganic pores. 
 
 
 
 
Figure 1 2D Focused-Ion-Beam (FIB)/Scanning-Electron-Microscope (SEM) Images of an Organic-
Rich Shale Sample Showing Finely Disperse Kerogen Pocket in an Organic Matrix. (Adapted from 
Ambrose et al., 2012) 
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1.2. Stress-dependent permeability 
During the production of reservoir fluids from resource shales, the absolute permeability 
of the shale matrix will typically vary with effective stress. Experimental tests were done by Kwon 
et al. (2004) Akkutlu and Fathi (2012), and Heller and Zoback (2013), and Kim et al., (2017) to 
address this phenomenon, and the results indicated that shale matrix permeability is stress-
sensitive. Hence, during the production it becomes pore fluid pressure-dependent. Although, there 
are several models developed for pressure- or stress-dependent permeability in shale, my selection 
is limited to permeability models that consider matrices with slit-shape pores or micro-cracks. This 
is necessary because the gas shale formations that we produce from have varying degrees of 
brittleness, and the brittle shales are inherently rich in micro-cracks which are created during the 
burial and hydrocarbon fluid generation, i.e., catagenesis, Palciauskas and Domenico (1980). 
Many crack models have been proposed. See for example models developed by Sneddon and Elliot 
(1946), Berry (1960), Mavko and Nur (1978), Gangi (1978), and Walsh (1981). In this study, I 
will use crack permeability model by Gangi (1978). This is a simple and elegant mechanistic model 
and previously Kwon et al. (2004) and Wasaki and Akkutlu (2015) showed its application to shale 
gas formations. 
 Gangi (1978) built its model using “bed of nails” concept and assumed that in the crack 
several asperities/shapes, such as conical, hemispherical or wedge, could be treated alike. The 
model assumes that the distribution of asperity-height is a power law function.  This was done to 
simplify the mathematical expression for the variation of fracture-permeability with pressure. The 
accurate representation of the actual asperity distribution must be reflected by those mathematical 
expressions, since only the actual distributions of the asperity heights could be represented over a 
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limited range (generally less than 1/2). The model is illustrated in Figure 2 and shown in equation 
(1) 
 
𝑘𝑎 = 𝑘0 (1 − (
(𝑃𝑐𝑜𝑛𝑓 − 𝛼𝑃)
𝑃1
 )
𝑚
)
3
 (1) 
 
where 𝑘0 is the permeability of inorganic matrix without any stresses, 𝑃1is the maximum stress 
when crack closes completely, and 𝑚 is related to the geometry of the conductive crack space and 
𝑃𝑐𝑜𝑛𝑓 − 𝛼𝑃 is the effective stress. 
Kwon et al. (2004) used the Gangi (1978) “bed of nails” model to match experimental 
results and showed that the model could fit the stress-dependent nature of clay-rich shale matrix 
permeability. More recently Wasaki and Akkutlu (2015) showed the application of this 
permeability model together with non-darcian effects to the organic-rich shale. 
 
 
 
 
Figure 2 Gangi’s “Bed of Nails” Concept Illustration 
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1.3. Shale gas transport mechanism 
Akkutlu and Fathi (2012) introduced a mathematical model governing multiscale gas 
transport in organic-rich shale, including dual-porosity continua of organic and inorganic matrices 
and coupling of the organic and inorganic matrices, including the molecular and surface diffusion 
effects. Akkutlu and Fathi (2012) found that molecular diffusion had a significant effect on gas 
transport in organic-rich shale when the formation permeability is low and in the order of 1 
nanodarcy. In parallel, Fathi and Akkutlu (2012), using a Lattice Boltzmann Method (LBM) for 
gas flow in organic capillaries with sizes below 100 nm, showed that the flow regime changes 
from the parabolic velocity profile of viscous flow to uniform velocity profile, which is 
representative of randomly fluctuating diffusional velocities observed during molecular diffusion. 
Wasaki and Akkutlu (2015) presented a mass balanced equation governing shale gas 
transport. The mass balance equation described the transport with adsorption and diffusion in the 
organic round pores and diffusion-convection in the slit shape pores and micro-cracks. Then, the 
apparent permeability which represented the overall gas transport in the matrix was modeled based 
on the convective-diffusive-adsorptive mass flux and shown in equation (2) 
 
𝑘𝑔𝑎𝑠 = km + μgcg𝑫 + 𝜇𝑔
𝑉𝑠𝐿𝜌𝑔𝑟𝑎𝑖𝑛𝐵𝑔
𝜀𝑘𝑠
𝑃𝐿
(𝑃 + 𝑃𝐿)2
𝑫𝒔 (2) 
 
where the first term on the right-hand side is the stress-dependent permeability of the shale which 
was modeled using equation (1), the second term is the free gas pore diffusion, and the last term 
is the sorbed phase transport in the organic pore network. Coefficient 𝑫 and 𝑫𝒔 are the diffusion 
coefficient for free and sorbed phase. 𝜀𝑘𝑠is the contribution of the organic volume over the total 
volume. 𝑉𝑠𝐿 and 𝑃𝐿 are the Langmuir parameter of the sorbed gas. 
The diffusion coefficients are influenced by the composition that makes up the gas mixture 
in the kerogen nanopores and the kerogen gas pressure. Diffusion of each species in the mixture 
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in the kerogen pore follows its concentration in the mixture. Several authors have employed the 
Maxwell-Stefan diffusion model for binary mixtures. Hoteit (2011) showed results where the 
Maxwell-Stefan diffusion model was employed for more than two components. Olorode et al., 
(2017) considered the pressure-dependence of Maxwell-Stefan diffusion and studied the 
advective-diffusive transport in organic-rich shales with more than two hydrocarbon components. 
The Maxwell-Stefan diffusion model is shown in equation (3) in terms of diffusive flux, 𝐽, of a 
chemical species in gas, such as methane, 
 𝐽 = −𝑐 ℬ−1Γ∇𝑦𝑖 (3) 
 
where 𝑐 is the total concentration or total molar density, ℬ is the drag matrix, Γ is the matrix known 
as the thermodynamic factor and 𝑦 is the mole fraction of the component. 
Considering adsorption and nano-confinement effects in organic nanopores in shale, we do 
not expect the produced fluid composition at the surface to be the same as the fluid composition 
in the reservoir at initial conditions (Akkutlu and Rahmani, 2015; Bui and Akkutlu, 2016; Baek 
and Akkutlu, 2017). Furthermore, Akkutlu et al., (2017) showed that the composition of the 
hydrocarbon mixture gets heavier as the pore-size decreases. This is because of adsorption and 
nano-scale confinement effects as shown in Figure 3.  
In the smaller pores, the hydrocarbon mixture becomes more viscous and heavier. Bui and 
Akkutlu (2017) introduced the concept of fluid redistribution based on molecular simulation of 
fluids under confinement in order to investigate the distribution of the hydrocarbon mixture in 
organic nanopores of different sizes, using the produced fluid at the surface as the input into this 
model. The simulation results obtained using a membrane representing model kerogen showed 
that the pore size, pressure and temperature of the reservoir will affect the composition of the 
hydrocarbon mixture. 
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Figure 3 Nanopore Confinement Effect on Hydrocarbon Mixture in Presence of Adsorption at 
Constant Pressure and Temperature.  
 
 
 
The fluid redistribution concept basically provides a procedure to estimate the initial 
composition of the hydrocarbon fluids in the shale pores based on the measured pore size 
distribution of the shale formation. This is important in order to evaluate the hydrocarbon volumes 
in place or to perform reserves calculation. 
The composition redistribution calculations also help in partitioning the hydrocarbon 
mixture in the formation into trapped hydrocarbons in the smallest organic nanopores, producible 
hydrocarbons in the larger organic nanopores, and the bulk hydrocarbon fluids that could be stored 
in the large organic or inorganic pores. Two pore-size cut-offs were observed from the 
compositional redistribution calculations, which are the large-pore threshold, 𝑑𝑝,𝐿 (above which 
the hydrocarbon will behave very much like a bulk phase composition), and the trapped 
hydrocarbon cut-off, 𝑑𝑝,𝑇, below which, the release of hydrocarbons under normal depletion is not 
significant. These cut-off pore sizes are discussed in detail in Akkutlu et al., (2017) and shown in 
Figure 4 
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Figure 4 Conceptual Fluid Redistribution, Showing Large and Trapped Cut-Offs. (Adapted from 
Akkutlu, 2017) 
 
 
 
1.4. Statement of problem 
In order to optimize gas recovery from organic-rich shale reservoirs, it is important to 
understand all the contributions and mechanisms at play during the production. In this work, I 
propose to perform a sensitivity analyses in order to determine which parameters related to fluid 
storage and transport in the matrix and in the fracture are most important during the production. 
A few authors have previously performed sensitivity analyses on production from 
unconventional resources. Kalantari-Dahaghi (2011) and Wu (2013) performed sensitivity studies 
on the fracture geometry and found that the fracture permeability and fracture parameters including 
fracture spacing, height and half-length were the most influence parameter on cumulative 
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production. While, Wasaki and Akkutlu (2015) focused on the sensitivity of the shale matrix 
parameters and found that the parameters related to stress-dependency of the matrix permeability 
generally dominates the behavior of the production. It is important to note however, that sensitivity 
analyses considering the large-scale problem including the coupled fracture and matrix is still not 
well-understood. This thesis considers sensitivity analyses including the geomechanical 
deformation of the matrix and hydraulic fractures, using a fully-coupled geomechanics and 
compositional reservoir simulator developed by Olorode et al., (2017). The sensitivity studies in 
this work will be performed using the “Design of Experiments” (also known as “Experimental 
Design”), where each simulation run will be treated as an experiment, and the selection of the 
values for the input parameters are based on the experimental design method selected. The idea is 
to be able to account for the parameters interactions, while spanning a wide range of parameter 
values, and with a minimal amount of forward simulation runs. The screening process in this thesis 
is based on the estimation of the weighting factors of the parameters and their interactions, and 
also considers the evolution of the weighting factors in time. The focus is on changes in parameter 
sensitivity after 1, 5 and 10 years of production. 
1.5. Objective 
The primary objectives in this work are: 
• To investigate the evolution of the weighting factors in time by observing the 
changes in the parameter sensitivity after 1, 5 and 10 years of production. 
• To identify the most significant parameters related to the matrix and fracture that 
affect well performance during the production. 
Indeed, these objectives eventually to feed into a final goal of optimizing the production. 
This will be left out of the thesis and will be part of a future work. 
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2. DESIGN OF EXPERIMENTS 
 
The discussions in this chapter is mainly from Montgomery (2012). Experiments are 
typically done by observing a system or process when a series of inputs are given. In general, the 
objective of an experiment is to recognize or characterize the output of a system, model the system 
to predict the output(s), and possibly optimize the system. It is also important to minimize the 
errors accumulated as part of the experimental process, while trying to speed up the entire process. 
The schematic of a simple process diagram is shown in Figure 5, indicating the inputs, outputs and 
other controllable and uncontrollable factors.  
With more experiments performed, we obtain more data, which makes it easier to properly 
characterize the system being studied. However, sometimes it is expensive to run the experiment 
several times, therefore, every run of the experiment should be designed effectively. The approach 
to plan and conduct the experiments is called the strategy of experimentation. 
There are three different approaches that are mostly used for the strategy of 
experimentation, which are— (1) best-guess approach, (2) one-factor of a time (OFAT) and (3) 
design of experiments. In the best guess approach, the selection of the input for the experiment is 
solely based on intuition. The OFAT approach is more commonly used in engineering; it is done 
by selecting a starting point, followed by changing one parameter at a time until the optimum 
output is found while the other input parameters are held constant. The experiments are continued 
in a similar way by changing the other parameters, one after the other. The most preferred approach 
is to vary all the parameters simultaneously, by systematically designing the input values to cover 
the entire parameter space. This basically ensures that the optimum solution can be found, 
regardless of its position within the parameter space. 
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Figure 5 Diagram of a Process 
 
 
 
 
Figure 6 Examples of Design of Experiments 
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The sensitivity presented by Wasaki and Akkutlu (2015) is an example of OFAT. By varying the 
parameters together, the interaction between the parameters can also be determined. This type of 
approach is called the design of experiments, and some examples of experimental designs are 
shown in Figure 6, where the dot indicate the inputs for the experiment. 
2.1. Factorial design  
The most common method in design of experiments is the factorial design. In the factorial 
design, an experiment is conducted with at least two or more variables, where these variables are 
called factors. Each factor has certain possible values called levels. The factors for the experiments 
are not limited to quantitative values, they could also be qualitative measurements.  The factorial 
design considers the combinations of the levels for all the factors that are investigated. For 
example, if factor 𝐴 has 𝑥 levels and factor 𝐵 has 𝑦 levels, then the number of experiments is 𝑥𝑦. 
When a factor is treated using factorial design, it is often said that these factors are crossed against 
each other. Figure 7 shows an example of a two-level factorial design with two factors. Two-level 
factorial means that for a factor, there are two levels, corresponding to the highest and lowest 
values of the parameter. The high value in the two-level factorial design is denoted as “+” while 
“–“ denotes the low value.  
The changes in response (outputs) as a result of the changes in the level of a factor are 
referred to as the “main effect”. If the rate of change in response for all factors are the same, then 
there is no interaction between the factors. However, if the rate of change in response is different, 
this indicates that one factor is interacting with other factor(s), hence the term “factor interactions”.  
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Figure 7 Two Level of Factorial Design with Two Factors 
 
 
 
Full factorial design means that all the possible combinations of the level of the factors are 
investigated. The example in Figure 7 shows a full factorial design. In the full factorial design, all 
the main effects and factor interactions could be determined. 
The number of factors in a factorial design is represented as 𝑘, thus the notation for full 
factorial design with 𝑘 number of factors is 𝐿𝑘 , where 𝐿 is the number of levels. Therefore, for a 
two-level factorial design with two factors, the total number of experiments is written as 22, which 
is 4. 
2.2. Fractional factorial design 
If the experiments are expensive or the number of factor increases, which leads to an 
exponential increase of number of the experiments, the number of experiments could be reduced 
by running a fraction of the full factorial design. This is called fractional factorial design. In order 
to perform the fractional factorial design, a design generator is needed, which shows how the 
fractional parts are generated in the fractional factorial design. Consider an expensive experiment 
with three factors, each at two levels. We assume that the cost of the experiment makes it 
impossible for the experimenters to run the full factorial design, which requires eight experimental 
runs (23). The full scenario with eight experiments is shown in Table 1.  
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Table 1. Two Level Full Factorial Design with 3 Factors 
Treatment 
Factor 
𝑥1 𝑥2 𝑥3 
1 − − − 
2 + − − 
3 − + − 
4 + + − 
5 − − + 
6 + − + 
7 − + + 
8 + + + 
  
 
 
 
Figure 8 Subset Selection to Perform Half Fraction Factorial From 8 Runs 
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A one-half fraction of the full experiment is considered by selecting a four-run combination 
illustrated in Figure 8. Table 2 shows all the terms and interactions for one of the combinations 
shown in Figure 8. Notice that the interaction for 𝑥1𝑥2𝑥3 all have positive signs. The term, I = 
𝑥1𝑥2𝑥3 in this example is called the defining relation. The defining relation is also referred to as 
the identity column 𝐼 and could be written as 
 𝐼 = 𝑥1𝑥2𝑥3 (4) 
 
We also notice from Table 2 that factor 𝑥3 is the resultant of factors 𝑥1 and 𝑥2. Because 
factor 𝑥3 is constructed from other main factors, it is called a design generator in this example. 
There are two possible design selections shown in Figure 8, the first option as is the one that we 
selected as shows in Table 2 and the second option is the remaining experiments. The first option 
will give all positive value of defining relation (𝑥1𝑥2𝑥3) where the second option will give all 
negative value for its defining relation. Therefore, while constructing the fractional factorial 
design, the selection of design generator may have negative or positive value.  
The relation of design generator could be used to generate the defining relation, 𝐼, where 
the defining relation is the multiplication of design generator with its generated factor. For 
example, the design generator from Table 2. 
 𝑥3 = 𝑥1𝑥2 (5) 
 
𝑥3 is the generated factor. Then, the defining generation could be determined by multiplying 
equation (5) with 𝑥3, 
 𝑥3(𝑥3) = 𝑥3(𝑥1𝑥2) = 𝑥1𝑥2𝑥3 (6) 
 
The notation for two level fractional factorial design is 2𝑘−𝑝 where 𝑝 is the reduction of the power 
of the fraction. If it’s reduced by one half fraction of 2𝑘 design, the notation for fractional factorial 
design becomes 2𝑘−1. When constructing design for fractional factorial, 𝑝 showing the number  
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Table 2. Half Fraction Two Level Factorial Design with 3 Factors 
Treatment 
factor interaction 
𝑥1 𝑥2 𝑥3 = 𝑥1𝑥2 𝑥1𝑥2 𝑥1𝑥3 𝑥2𝑥3 𝐼 = 𝑥1𝑥2𝑥3 
2 + − − − − + + 
3 − + − − + − + 
5 − − + + − − + 
8 + + + + + + + 
 
 
 
of design generator that will be generated, therefore,  (𝑘 − 𝑝) is the number of factor that will have 
the same pattern with the two-level Full Factorial design. 
2.2.1. Alias or confounding effect 
While performing Fractional Factorial Design, two or more factors could have similar 
responses with the higher interaction terms. This is called confounding or aliasing and is shown in 
Figure 9. If confounding occurs, one cannot tell which factor or interaction term is responsible for 
the observed response, because it could either be the main factor or the higher interaction terms.  
 
 
 
 
Figure 9 Confounding in 𝟐𝟑−𝟏 Fractional Factorial Design 
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The confounding pattern could be determined from the defining relation of its design, where the 
confounding pattern is the multiplication of the defining relations with the main factor. 
Considering the example with two levels and three-factor factorial design, we use equation (4) for 
the defining relations and obtain: 
 𝑥1𝐼 =  𝑥1(𝑥1𝑥2𝑥3)  =  𝑥1
2𝑥2𝑥3  =  𝑥2𝑥3   
𝑥2𝐼 =  𝑥2(𝑥1𝑥2𝑥3)  =  𝑥1𝑥2
2𝑥3  =  𝑥1𝑥3   
𝑥3𝐼 =  𝑥3(𝑥1𝑥2𝑥3)  =  𝑥1𝑥2𝑥3
2  =  𝑥1𝑥2 (7) 
Therefore, the confounding pattern for this example is: 
 𝑥1 = 𝑥2𝑥3   
𝑥2 = 𝑥1𝑥3   
𝑥3 = 𝑥1𝑥2 (8) 
The confounding effect will always occur in fractional factorial designs, but not in full factorial 
designs because each treatment is unique and we can generate the interactions without aliases. 
2.2.2. Resolution design 
In fractional factorial designs, it is often difficult to distinguish the effect of one factor from 
the effects of the high degree interactions because of confounding.  One common assumption is 
that the higher the level of interaction, the less significant will be its response. The degree of 
aliasing of the main effect with the higher-level interaction term is called design resolution. The 
lowest resolution is Resolution III, where the main effect will have aliases with two-level 
interaction terms. In the Resolution IV, the main effect will have aliases with three-level interaction 
terms, and the two-level interactions will also have aliases with other two-level interaction terms.  
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Table 3 Resolution in Fractional Factorial Design 
Runs 
factors 
2 3 4 5 6 7 8 9 10 11 12 13 14 15 
4 FULL III                         
8   FULL IV III III III                 
16     FULL V IV IV IV III III III III III III III 
32       FULL VI IV IV IV IV IV IV IV IV IV 
64         FULL VII V IV IV IV IV IV IV IV 
128           FULL VIII VI V V IV IV IV IV 
256             FULL IX VI VI VI V V V 
 
 
 
Resolution is denoted by Roman numeral, for example, resolution three design could be 
written as  2𝐼𝐼𝐼
𝑘−𝑝. The resolution of Fractional Factorial design is determined based on a number of 
runs related with the number of factors, as shown in Table 3. Because of the confounding effect, 
the fractional factorial design is mainly used as a screening design to sort and identify the most 
important factors. This makes the fractional factorial design very suitable for performing screening 
sensitivity analysis. However, to get the more details detail about the system, it could be important 
to select the highest possible resolutions. 
2.3. Response Surface Modelling 
2.3.1. Full fractional response model 
The response of an experiment could be modeled using an empirical model as shown in 
equation (9). 
 𝑦 = 𝜇 + 𝜏𝑖 + 𝜖 (9) 
 
where 𝑦 is the experiments response, 𝜇 is the mean population, 𝜏 is the treatment effect and 𝜖 is 
the experimental error. The treatment effect will correspond with the response of the factors, it will 
not always have to be linear because it depends on the complexity of the system. The example 
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below shows a multivariate linear regression model (that includes interaction terms) based on a 
two-level factorial design with two factors: 
 
𝜏𝑖 = ∑𝛽𝑗𝑥𝑗
𝑘
𝑗=1
+ ∑∑𝛽𝑖𝑗𝑥𝑖𝑥𝑗
<𝑗𝑖
+ ⋯ (10) 
 
and 
 𝑦 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥1𝑥2 + 𝜖 (11) 
 
where 𝛽0 is the mean and  𝛽1, 𝛽2,… is the weighing factor that represent how sensitive the factor 
with the changes in response system. The experimental error for our experiments could be 
neglected because each run of the experiment corresponds to a single forward run of the reservoir 
simulator, and this will always yield the same results for a given set of input data. 
The design for a 2-level factorial design and all its interactions is shown in Table 4. 
However, these design patterns should be converted into coded variables, by scaling the “low” and 
“high” in Table 4 into ± 1 value. It is more recommended to perform the analysis in coded 
variables rather than in the real unit of measurement. By using the coded variables, the actual unit 
of the main factor is normalized and becomes dimensionless. Therefore, the interactions between 
the main variables are easily comparable (without any units). The relationship between the original 
unit and the coded variables is shown in equation (12) 
 
𝑥𝑐𝑜𝑑𝑒𝑑 =
𝑥 − (𝑥ℎ𝑖𝑔ℎ + 𝑥𝑙𝑜𝑤) 2⁄
(𝑥ℎ𝑖𝑔ℎ − 𝑥𝑙𝑜𝑤) 2⁄  
 (12) 
 
The coded variables for 2 level Full Factorial Design is shown in Table 5. 
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Table 4. Full Factorial Design for 2 Level Factorials with 3 Factors 
Run 
Factor Interaction 
𝒙𝟏 𝒙𝟐 𝒙𝟑 𝒙𝟏𝒙𝟐 𝒙𝟏𝒙𝟑 𝒙𝟐𝒙𝟑 𝒙𝟏𝒙𝟐𝒙𝟑 
1 - - - + + + - 
2 + - - - - + + 
3 - + - - + - + 
4 + + - + - - - 
5 - - + + - - + 
6 + - + - + - - 
7 - + + - - + - 
8 + + + + + + + 
 
 
 
Table 5. Full Factorial Design for 2 Level Factorials with 3 Factors (Coded Variables) 
Run 
Factor Interaction 
𝒙𝟏 𝒙𝟐 𝒙𝟑 𝒙𝟏𝒙𝟐 𝒙𝟏𝒙𝟑 𝒙𝟐𝒙𝟑 𝒙𝟏𝒙𝟐𝒙𝟑 
1 -1 -1 -1 +1 +1 +1 -1 
2 +1 -1 -1 -1 -1 +1 +1 
3 -1 +1 -1 -1 +1 -1 +1 
4 +1 +1 -1 +1 -1 -1 -1 
5 -1 -1 +1 +1 -1 -1 +1 
6 +1 -1 +1 -1 +1 -1 -1 
7 -1 +1 +1 -1 -1 +1 -1 
8 +1 +1 +1 +1 +1 +1 +1 
 
 
 
By using the coded variables in Table 5 as an input for equation 7,  
𝑦1 = 𝛽0 + 𝛽1(−1) + 𝛽2(−1) + 𝛽3(−1) + 𝛽4(−1)(−1) + 𝛽5(−1)(−1) + 𝛽6(−1)(−1) + 𝛽7(−1)(−1)(−1) 
𝑦2 = 𝛽0 + 𝛽1(+1) + 𝛽2(−1) + 𝛽3(−1) + 𝛽4(+1)(−1) + 𝛽5(+1)(−1) + 𝛽6(−1)(−1) + 𝛽7(+1)(−1)(−1) 
⋮ 
𝑦8 = 𝛽0 + 𝛽1(+1) + 𝛽2(+1) + 𝛽3(+1) + 𝛽4(+1)(+1) + 𝛽5(+1)(+1) + 𝛽6(+1)(+1) + 𝛽7(+1)(+1)(+1) 
Which could be represented in matrix form as 
 𝑌 = 𝑋𝛽 (13) 
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[
 
 
 
 
 
 
 
𝑦1
𝑦2
𝑦3
𝑦4
𝑦5
𝑦6
𝑦7
𝑦8]
 
 
 
 
 
 
 
=
[
 
 
 
 
 
 
 
+1 −1 −1 −1 +1 +1 +1 −1
+1 +1 −1 −1 −1 −1 +1 +1
+1 −1 +1 −1 −1 +1 −1 +1
+1 +1 +1 −1 +1 −1 −1 −1
+1 −1 −1 +1 +1 −1 −1 +1
+1 +1 −1 +1 −1 +1 −1 −1
+1 −1 +1 +1 −1 −1 +1 −1
+1 +1 +1 +1 +1 +1 +1 +1]
 
 
 
 
 
 
 
[
 
 
 
 
 
 
 
 
𝛽0
𝛽1
𝛽2
𝛽3
𝛽4
𝛽5
𝛽6
𝛽7]
 
 
 
 
 
 
 
 
 (14) 
 
𝑌 is the response of the experiments, 𝑋 is the design of experiments, showing the coded 
variables from Table 5. The addition of the first column with all values set to +1 corresponds to 
the value of 𝛽0. The estimated weighting factor,?̂? could be determined based on equation (15)  
 ?̂? = (𝑋′𝑋)−1𝑋′𝑌 (15) 
 
2.3.2. Fractional factorial response model 
For the Fractional Factorial design, where the number of runs is reduced by a fraction of 
factorial level, we follow a similar procedure as in the Full Fractional Design. Table 6 shows the 
Fractional Factorial Design example in coded variables of the one-half fraction from 2 level 
factorials with 3 main effects.   
In matrix form the equation is given as equation(16): 
 
 
 
Table 6. Fractional Factorial Design for 2 Level Factorials 𝟐𝟑−𝟏 with Interactions 
run 
Factor Interactions 
𝒙𝟏 𝒙𝟐 𝒙𝟑 𝒙𝟏𝒙𝟐 𝒙𝟏𝒙𝟑 𝒙𝟐𝒙𝟑 𝒙𝟏𝒙𝟐𝒙𝟑 
1 -1 -1 +1 +1 -1 -1 +1 
2 +1 -1 -1 -1 -1 +1 +1 
3 -1 +1 -1 -1 +1 -1 +1 
4 +1 +1 +1 +1 +1 +1 +1 
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[
𝑦1
𝑦2
𝑦3
𝑦4
] = [
+1 −1 −1 +1 +1 −1 −1 +1
+1 +1 −1 −1 −1 −1 +1 +1
+1 −1 +1 −1 −1 +1 −1 +1
+1 +1 +1 +1 +1 +1 +1 +1
]
[
 
 
 
 
 
 
 
 
𝛽0
𝛽1
𝛽2
𝛽3
𝛽4
𝛽5
𝛽6
𝛽7]
 
 
 
 
 
 
 
 
 (16) 
 
As confounding effect could be found for fractional factorial design, the matrix form in 
equation (16) could be simplified based on distributive rules:  
 𝑎 × 𝑏 + 𝑎 × 𝑐 = 𝑎 × (𝑏 + 𝑐) (17) 
 
 
[
𝑦1
𝑦2
𝑦3
𝑦4
] = [
+1 −1 −1 +1
+1 +1 −1 −1
+1 −1 +1 −1
+1 +1 +1 +1
] [
𝛽0 + 𝛽7
𝛽1 + 𝛽6
𝛽2 + 𝛽5
𝛽3 + 𝛽4
] (18) 
 
which could also be written as  
 
[
𝑦1
𝑦2
𝑦3
𝑦4
] = [
+1 −1 −1 +1
+1 +1 −1 −1
+1 −1 +1 −1
+1 +1 +1 +1
]
[
 
 
 
 
𝛽0̂
𝛽1̂
𝛽2̂
𝛽3̂]
 
 
 
 
 (19) 
 
where ?̂? is the weighting factor with the summation of its confounding factor. Therefore, for 
Fractional Factorial Design, the derived weighting factor is dependent on the number of runs and 
confounding scheme. The weighting factor, ?̂? could also be determined using equation (15). 
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3. METHODOLOGY 
 
In this thesis, the methodology shown in Figure 10 is used to determine the important 
parameters. First, I will choose a design of experiments based on the number of experiments and 
resolution design. The magnitude of each weighting factor indicates how sensitive the response is 
to the corresponding factor. The weighting factor is then sorted and plotted in a tornado chart, 
which is used as the basis for the sensitivity analysis. 
3.1. Compositional Reservoir Flow Simulation for Deformable Shale Formations 
A multi-component multi-phase fluid transport reservoir simulator previously built by 
Olorode et al., (2017) is used this study. The simulator considers the nature of organic matrix in 
shale that has been observed in SEM as a dispersed and discontinuous continuum. The conceptual 
model of the organic matrix is shown in Figure 11, it is shows that the communication between 
the organic and inorganic matrix is in series, and the organic matrix does not communicate directly 
with the other organic matrix in its neighboring cell. This indicates that the hydrocarbon release 
from the organic matrix is being transported to the inorganic pores first, then move into the 
hydraulic or natural fractures in the formation. The simulator uses the Maxwell-Stefan diffusion 
theory to predict the pressure and composition dependence of molecular diffusion in the formation.  
In this simulator, the concept of fluid redistribution and stress-dependent matrix permeability are 
also implemented. The Control Volume Finite Element Method (CV-FEM) is used to discretize 
the coupled partial differential equations in space, while the fully-implicit backward Euler scheme 
is used for temporal discretization. The interface for Compositional Reservoir Flow Simulation is 
shown in Figure 12. 
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Figure 10 Methodology for Sensitivity Analysis 
 
 
 
 
Figure 11 Conceptual Model for Compositional Flow. (Adapted from Olorode et al., 2017) 
 
 
 
 
Figure 12 Interface of the Compositional Reservoir Flow Simulation Model Used in the Study 
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Table 7. Bulk Composition of Fluids Used in the Study. 
Model fluid 𝑪𝑯𝟒 𝑪𝟐𝑯𝟒 𝑪𝟑𝑯𝟖 𝑪𝟒𝑯𝟏𝟎 𝑪𝟓𝑯𝟏𝟐 
𝑀𝑖𝑥𝑡𝑢𝑟𝑒 1  0.991 0.0088 0.0002 − − 
𝑀𝑖𝑥𝑡𝑢𝑟𝑒 2 0.54 0.166 0.128 0.107 0.059 
 
 
 
For this study, we focus on single-phase multi-component gas mixtures. There are two gas 
compositions studied; one represents a light gas that mostly consists of methane (Mixture 1), while 
the second gas mixture (Mixture 2) is representative of a gas mixture with a larger specific gravity. 
The surface composition of both mixtures is shown in Table 7. 
3.2. Reservoir Model 
The reservoir model that is used to run the sensitivity analysis is a single well with a single 
hydraulic fracture vertical to the well. 15 parameters were selected for the initial design. These 
parameters are related to the rock and fluid properties, hydraulic fracture properties, and wellbore 
conditions.  In order to cover a wide range of fracture design scenarios for the shale gas production, 
four different cases were studied. These included: 
• high fracture conductivity and high matrix permeability, Case 1 
• high fracture conductivity and low matrix permeability, Case 2 
• low fracture conductivity and high matrix permeability, Case 3, and 
• low fracture conductivity and low matrix permeability, Case 4. 
The fracture conductivity is the measure of the ease with which the propped hydraulic fractures 
transmit the fluids. It is the product of the fracture permeability, 𝑘𝑓 and the fracture width, 𝑤𝑓. The 
more general term commonly used by the production engineers is the dimensionless fracture 
conductivity, 𝐶𝑓𝐷 , which is defined as:  
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𝐶𝑓𝐷 =
𝑘𝑓𝑤𝑓
𝑘𝑚𝑋𝑓
 (20) 
 
Wattenbarger et.al (1998) considered when fractures are highly conductive or 𝐶𝑓𝐷 ≥ 50 (infinite 
conductivity), the flow profile is linear, and the flowing gas enters the wellbore mainly by 
convection taking place in the fracture. For the finite conductivity case, or 𝐶𝑓𝐷 < 50, the bi-linear 
flow takes longer times. Bilinear flow includes two linear flow profiles acting near the wellbore, 
which are linear incompressible flow within the fracture, and linear compressible flow in the 
formation. The different behavior of high conductivity and low conductivity will affect the 
production profiles. Therefore, while evaluating the system, different scenarios should be 
considered in order to investigate whether changes in fracture conductivity will impact the 
optimization. 
Table 8 gives a summary of the parameters used for the sensitivity studies, the base value 
is derived from Barnett shale gas reservoir. The four cases presented are modified from the base 
case by using a constant multiplier to ensure the fracture conductivity met the criteria for highly 
conductive and low conductive reservoir based on Wattenbarger et.al (1998). It is shown that a 
dimensionless fracture conductivity of 0.5 is used for the low-conductivity case and 50 is used for 
the high-conductivity case. Here, A, B, D, E, F, J, O are the propped hydraulic fracture parameters, 
whereas the others belong to the matrix. Note that the matrix permeability is treated as a stress-
sensitive quantity. C is the maximum confining stress for closing the micro-cracks completely, i.e., 
zero matrix permeability. It has been introduced in equation (1) as part of the Gangi’s permeability 
model. H is another matrix quantity from equation (1). In addition, we introduce P as the large 
pore size threshold in the matrix beyond which the fluid in the pore behaves as a bulk fluid. Any 
smaller pores hold the fluid under nano-confinement effect. 
27 
 
Geomechanically, we consider that the mechanical properties of the fracture such as 
Young’s modulus and Poisson’s ratio separately because these properties for the fracture involves 
the proppants distribution and their grain to grain and grain to wall contacts. 
The production profile for all the scenarios are shown in Figure 13 and their corresponding 
response variable, which is the cumulative production, is shown in Figure 14. Based on Figure 13, 
the initial production from base value is 6,800 mscfd, while for case 1, case 2, case 3 and case are 
68,000 mscfd, 68 mscfd, 680 mscfd and 0.68 mscfd, respectively. This initial production rates are 
corresponding to the multiplier given for each case. It is also shown that the production profile 
generated is different for each case, this is due to the difference in matrix permeability. The higher 
the matrix permeability, resulting higher decline rates. This different production profile resulting 
different production cumulative profile for each as shown in Figure 14, where total cumulative 
production after 10 years production periods for base value, case 1, case 2, case 3 and case 4 are 
542 MMscf, 582 MMscf, 32 MMscf, 436 MMscf and 2.1 MMscf. 
 
 
 
Table 8. 15 Parameters Used for Sensitivity Analysis 
Symbol  Parameter 
Base 
 Value 
Multiplier 
 Unit 
Case 1 Case 2 Case 3 Case 4 
A  Fracture permeability  5.00E-11 10 10*0.001 0.1 0.1*0.001  m2 
B  Fracture width  0.003 1 1 1 1  m 
C  Max confining stress  14000 1 1 1 1  psia 
D  Fracture Young’s modulus  4.00E+03 1 1 1 1   
E  Fracture half length 120 1 1 1 1  m 
F  Fracture Poisson's ratio  0.25 1 1 1 1  Mpa 
J  Viscoelastic shear coefficient  6.80E+09 1 1 1 1  psia 
H  𝑚 exponent  0.4 1 1 1 1   
J  Poisson’s ratio  0.25 1 1 1 1   
K  Young’s Modulus  4.00E+04 1 1 1 1  Mpa 
L  Matrix permeability  2.47E-15 1 0.001 1 0.001  m2 
M  Matrix porosity  0.054 1 1 1 1   
N  Bottomhole pressure  13.7896 1 1 1 1  Mpa 
O  Fracture porosity  0.33 1 1 1 1   
P  Large pore threshold  0.7 1 1 1 1   
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Figure 13 Production Profiles for All the Cases 
 
 
 
 
Figure 14 Cumulative Production Profile from All the Cases 
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3.3. Design of Experiments for Shale Gas Reservoirs 
3.3.1. Response surface modelling 
Response surface modelling is conducted using least squares as shown in section 2 by 
modifying equations (9) and (10) for 15 factors. In this thesis, the focus is on the main effects and 
their corresponding weighting factors. So, I will not be showing the weighting factors for the 
interaction terms. Considering that the main objective of the sensitivity analyses in this work is to 
determine which parameters are most important, I will be focusing on the use of the fractional 
factorial design, which is particularly suited for screening studies. This means that some of the 
calculated weighting factors shown in equation (21) will be confounded with higher interaction 
terms.  Since the fractional factorial design is using Resolution IV design, thus, the weighting 
factor derived from equation (21) will have an aliases minimum with three-level interaction terms. 
 ?̂? = 𝛽0̂ + 𝛽1̂𝑥1 + 𝛽2̂𝑥2 + 𝛽3̂𝑥3 + 𝛽4̂𝑥4 + 𝛽5̂𝑥5 + 𝛽6̂𝑥6 + 𝛽7̂𝑥7 + 𝛽8̂𝑥8 + 𝛽9̂𝑥9
+ 𝛽10̂𝑥10 + 𝛽11̂𝑥11 + 𝛽12̂𝑥12 + 𝛽13̂𝑥13 + 𝛽14̂𝑥14 + 𝛽15̂𝑥15 (21) 
 
3.3.2. Resolution design sensitivity 
In order to find the most suitable design, a sensitivity analysis for resolution III is compared 
with a resolution IV design. For a screening process, the fractional factorial design with resolution 
III is typically used. However, if the system is complex, the interaction between the parameters 
may mask the response from the main factors, thus requiring more simulation runs to resolve the 
aliased factors. Table 3 is used to determine the number of experiments that should be conducted 
for each resolution design. For experiments with 15 factors, resolution III is done by conducting 
16 runs and resolution IV could be done with a minimum of 32 runs. Experiments with 64 runs 
will still be resolution IV design, which means that the main factor will still confound with third-
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level interactions, even though the number of confounding factors will be less compared to a 
resolution IV design with 32 runs. 
The sensitivity to determine the number of minimum runs, is based on the base value model 
shown in Table 8. Afterwards, two level fractional factorial design for 15 factors using 16 runs, 32 
runs and 64 runs is compared by changing the initial base-case parameter by ± 10% as its low and 
high-case values. Equation (15) is used to determine the weighting factors, and the weighting 
factors obtained after fitting a response surface is shown in Table 9. 
It shows that the case with 16 runs has confounding effect that affects unimportant 
parameters that are confounded with interaction terms involving important parameters. For 
example, the viscoelastic shear coefficient of the fracture is considered to have a significant impact 
in resolution III design, while in the resolution IV design, that factor is insignificant. So, we can 
conclude that at resolution III, the weighting factor for the viscoelastic shear coefficient must have 
been confounded with an interaction parameter that includes an important effect. 
In general, the resolution IV design with 32 runs gives an acceptable result because the 
results obtained from this design agree well with the results from the resolution IV design with 64 
runs. This is in line with the objective, where fractional factorial design is only used for screening 
design to determine the most important factors. The lowest rank parameters are considered not 
giving significant contribution to the system and mostly affected from confounding or alias effect. 
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3.3.3. Design generator 
Fractional Factorial design resolution IV with 32 runs is used to find the most important 
factor, 2𝐼𝑉
15−10 as shown in section 3.3.2. The design for this scenario selects factors that follow the 
same pattern with the two-level Full Factorial design, while the other main factor must be 
generated using a combination of the first five main factors. The design generated for this scenario 
is shown in equation (22) 
 𝐹  =  𝐴𝐵𝐶𝐷𝐸 
𝐺  =  𝐴𝐵𝐶 
𝐻  =  𝐴𝐵𝐷 
𝐾  =  𝐴𝐵𝐶 
𝐽   =  𝐴𝐵𝐸 
𝐿   =  𝐴𝐶𝐸 
𝑀  =  𝐴𝐷𝐸 
𝑁  =  𝐵𝐶𝐷 
𝑂  =  𝐵𝐶𝐸 
𝑃  =  𝐵𝐷𝐸 (22) 
 
Next, an experimental design is constructed, and the design matrix is shown in Table 10. 
All the cases considered in this study and presented in the section will be based on the design of 
experiment given in Table 10. 
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Table 9. Sensitivity Fractional Factorial Design with 16 Runs, 32 Runs and 64 Runs 
Parameter 
Beta factor % Difference 
Res III 
16 runs 
Res IV  
32 runs 
Res IV  
64 runs 
Res III 
with  
Res IV 64 
runs 
Res IV  
32 runs with 64 
runs 
 Matrix porosity 129.7 132.06 132.53 2.1% 0.4% 
 Bottomhole pressure  82.42 85.01 85.16 3.2% 0.2% 
 Max confining stress  26.51 26.65 26.43 0.3% 0.8% 
 m exponent  11.34 18.2 17.75 36.1% 2.6% 
 Fracture half length 10.23 10.79 9.92 3.2% 8.8% 
 Matrix permeability  6.8 7.19 6.96 2.2% 3.4% 
 Large pore threshold  0.66 3.81 4.50 85.3% 15.4% 
 Fracture permeability  3.51 5.34 4.46 21.3% 19.7% 
 Fracture width  1.84 3.89 4.37 57.9% 11.0% 
 Young’s modulus  1.53 0.46 0.18 763.3% 159.6% 
 Poisson’s ratio 0.1 0.68 0.06 73.1% 1077.1% 
 Fracture young modulus  0.27 0.31 0.01 1701.9% 1968.8% 
 Fracture porosity 1.52 0.77 0.01 10165.9% 5100.5% 
 Fracture Poisson’s ratio  0.71 0.76 0.01 5121.8% 5489.5% 
 Viscoelastic shear coeff.  4.31 0.4 0.00 259636.3% 24005.5% 
 
 
 
Table 10 Fractional Factorial Design for 𝟐𝑰𝑽
𝟏𝟓−𝟏𝟎 
  
Run A B C D E F=ABDCDE G=ABC H=ABD J=ABE K=ACD L=ACE M=ADE N=BCD O=BCE P=BDE
1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
2 1 -1 -1 -1 -1 1 1 1 1 1 1 1 -1 -1 -1
3 -1 1 -1 -1 -1 1 1 1 1 -1 -1 -1 1 1 1
4 1 1 -1 -1 -1 -1 -1 -1 -1 1 1 1 1 1 1
5 -1 -1 1 -1 -1 1 1 -1 -1 1 1 -1 1 1 -1
6 1 -1 1 -1 -1 -1 -1 1 1 -1 -1 1 1 1 -1
7 -1 1 1 -1 -1 -1 -1 1 1 1 1 -1 -1 -1 1
8 1 1 1 -1 -1 1 1 -1 -1 -1 -1 1 -1 -1 1
9 -1 -1 -1 1 -1 1 -1 1 -1 1 -1 1 1 -1 1
10 1 -1 -1 1 -1 -1 1 -1 1 -1 1 -1 1 -1 1
11 -1 1 -1 1 -1 -1 1 -1 1 1 -1 1 -1 1 -1
12 1 1 -1 1 -1 1 -1 1 -1 -1 1 -1 -1 1 -1
13 -1 -1 1 1 -1 -1 1 1 -1 -1 1 1 -1 1 1
14 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1 -1 1 1
15 -1 1 1 1 -1 1 -1 -1 1 -1 1 1 1 -1 -1
16 1 1 1 1 -1 -1 1 1 -1 1 -1 -1 1 -1 -1
17 -1 -1 -1 -1 1 1 -1 -1 1 -1 1 1 -1 1 1
18 1 -1 -1 -1 1 -1 1 1 -1 1 -1 -1 -1 1 1
19 -1 1 -1 -1 1 -1 1 1 -1 -1 1 1 1 -1 -1
20 1 1 -1 -1 1 1 -1 -1 1 1 -1 -1 1 -1 -1
21 -1 -1 1 -1 1 -1 1 -1 1 1 -1 1 1 -1 1
22 1 -1 1 -1 1 1 -1 1 -1 -1 1 -1 1 -1 1
23 -1 1 1 -1 1 1 -1 1 -1 1 -1 1 -1 1 -1
24 1 1 1 -1 1 -1 1 -1 1 -1 1 -1 -1 1 -1
25 -1 -1 -1 1 1 -1 -1 1 1 1 1 -1 1 1 -1
26 1 -1 -1 1 1 1 1 -1 -1 -1 -1 1 1 1 -1
27 -1 1 -1 1 1 1 1 -1 -1 1 1 -1 -1 -1 1
28 1 1 -1 1 1 -1 -1 1 1 -1 -1 1 -1 -1 1
29 -1 -1 1 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1
30 1 -1 1 1 1 -1 -1 -1 -1 1 1 1 -1 -1 -1
31 -1 1 1 1 1 -1 -1 -1 -1 -1 -1 -1 1 1 1
32 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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4. SIMULATION RESULTS AND DISCUSSION 
 
4.1. Simulation Results 
The sensitivity analysis is done by changing ± 10% and ± 20% from the initial value as 
shown in Table 8 for each case. The simulation results for all the 32 runs comparison is observed 
at 1, 5, and 10 years cumulative period. This is done considering to find the important parameter 
during certain time and how it will change over time. This sensitivity analysis is performed by 
comparing the weighting factor,  after responds surface modeling. The weighting factor will 
represent how large each parameter changes with the response system. Higher the weighting factor, 
the more sensitive and important that factor for the system. These sensitivities will consider gas 
composition as shown in Table 7. 
4.2. Sensitivity Analysis for Mixture 1 
4.2.1. Case 1, high fracture conductivity and high matrix permeability  
Cumulative production results from 32 runs using 10% and 20% sensitivity are shown in 
Figure 15 and Figure 16. Both Figure 15 and Figure 16 show that cumulative production from 5 
years to 10 years is not significantly increased, which means that during the first 5 years we 
produced most of the ultimate recovery. 
The results for 1, 5 and 10 years sensitivity analysis are shown in Figure 17, Figure 18, and 
Figure 19. The weighting factor for 10% showing half value compared with the factor with 20% 
sensitivity. There exists one exception, which is the fracture half length. The weighting factor of 
fracture half-length from 10% sensitivity is nearly the same as the factor estimated with 20% 
sensitivity. This indicates that adding the fracture half-length further will not contribute as 
significant to production compare with the increment of the other parameters. 
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Figure 15 Cumulative Production Data for Case 1 with 10% Sensitivity Using Mixture 1 
 
 
 
 
Figure 16 Cumulative Production Data for Case 1 with 20% Sensitivity Using Mixture 1 
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Figure 17 Case 1 – 1-Year Cumulative Production Sensitivity Using Mixture 1 
 
 
 
 
Figure 18 Case 1 – 5-Year Cumulative Production Sensitivity Using Mixture 1 
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Figure 19 Case 1 – 10-Year Cumulative Production Sensitivity Using Mixture 1 
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(2015), which previously showed that 𝑝1 and 𝑚-exponent affect the shale gas permeability the 
most during the first year of production. 
However, in Figure 18 and Figure 19 for 5-year and 10-year production period, the order 
of the weighting factor is different with Figure 17 where its main contribution is from matrix 
porosity and bottom hole pressure. The next important parameters are maximum confining stress, 
the 𝑚-exponent, matrix permeability, fracture half length, fracture permeability and Poisson’s 
ratio. The order on the bottom rank also changes, however, it will not be discussed in great detail 
because the bottom rank also affected by the confounding effect, thus, make it difficult to 
distinguish the changes due to its main effect or the confounding effect. At the end of section 4, a 
strategy for screening by eliminating the least important parameter will be discussed. 
In Figure 20 the evolution of all parameters with time is shown in more detail. As 
mentioned above, the importance of matrix porosity and bottom hole pressure to production 
increases in time. It is observed with the increase in the weighting factor with time. While most of 
the other parameters such as maximum confining stress, 𝑚-exponent, matrix permeability and 
fracture half-length show a decrease with time. In both Figure 15 and Figure 16 shows that during 
the first 5 years we already produced most of the ultimate recovery from this reservoir. This 
indicates the fast decline in production rates with the shale gas wells because the well recovers 
most of the reserve during the first 5 years of production.  This also indicates that the changes in 
reservoir storativity and well/fracture conditions become the important parameters for the 
following years of production. 
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Figure 20 Case 1 – Evolutionary Important Parameter Using Mixture 1 
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4.2.2. Case 2, high fracture conductivity and low matrix permeability 
For Case 2, the cumulative production results from 10% and 20% sensitivity are shown in 
Figure 21 and Figure 22. I notice a higher discrepancy from 1 year to 5 years and from 5 years to 
10 years cumulative production periods. This behavior is unlike the high conductivity high 
permeability case, case 1. It indicates that the production time really matters when it comes down 
to recovery of a larger portion of the ultimate recoverable amount. 
During the first-year production period shown in Figure 23, the maximum confining stress 
and 𝑚-exponent are still the most important parameters. The next important parameters are matrix 
permeability and bottom hole pressure. The fracture parameter come next with all the three 
parameters showing similar weighting factor value, which are fracture width, fracture half-length 
and fracture permeability.  The order of these parameters is almost unchanged, only fracture half-
length which rising up until below bottom hole pressure and matrix porosity which falling below 
fracture half-length during its 10 years production period as shown in Figure 24 to Figure 25. 
The evolution of parameter in case 1 and case 2 is different as shown in Figure 20 and 
Figure 26, where in case 1 stress sensitive flow parameter weighting factor is decreased and matrix 
porosity and bottom hole pressure weighting factor are increase with time. While in case 2, the 
weighting factor of all parameters is increasing with time. This indicates that for wells with high 
fracture conductivity and low matrix permeability the main gas transport mechanism is from stress 
sensitive flow. The rank for all the weighting factor is remain constant showing there is no 
transition gas transport mechanism during its production period. 
It is interesting to note that the matrix parameters are highly important when compared to 
the hydraulic fracture parameters. This is because the fracture maintains an infinite conductive 
and, when this is the case, changing the fracture parameters are less influential on the production. 
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Figure 21 Cumulative Production Data for Case 2 with 10% Sensitivity Using Mixture 1 
 
 
 
 
Figure 22 Cumulative Production Data for Case 2 with 20% Sensitivity Using Mixture 1 
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Figure 23 Case 2 – 1-Year Cumulative Production Sensitivity Using Mixture 1 
 
 
 
 
Figure 24 Case 2 – 5-Year Cumulative Production Sensitivity Using Mixture 1 
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Figure 25 Case 2 – 10-Year Cumulative Production Sensitivity Using Mixture 1 
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Figure 26 Case 2 – Evolutionary Important Parameter Using Mixture 1 
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4.2.3. Case 3, low fracture conductivity and high matrix permeability 
Cumulative production results from 32 runs for 10% and 20% sensitivity is shown in Figure 
27 and Figure 28. Both Figure 27 and Figure 28 shows that cumulative production from 5 years to 
10 years is not much significantly increased, although it is not as close as case 1 which shown in 
Figure 15 and Figure 16. This showing that the recovery during the first 5 years production period 
is close with its ultimate recovery. 
For case 3, as shown in Figure 27, the fracture geometry will become the most important 
parameter for the first-year production, where fracture permeability and fracture width having the 
highest weighting factors. Bottom hole pressure, maximum confining stress, matrix porosity, 
matrix permeability and 𝑚-exponent is the next parameter with highest weighting factor. This 
shows that for low fracture conductivity well with high matrix permeability, fracturing design will 
surely affect the production profiles. However, the fracture geometry becomes less important when 
5- and 10-year production is considered. Again, matrix porosity becomes the primary factor.  
The evolution of weighting factor from all parameters is shown in Figure 32, where the 
matrix porosity and the bottom hole pressure has increasing weight over the production time The 
sensitivity transition from the fracturing design to matrix storage showing that the well drainage 
already covers most of the reservoir volume for this case. However, in case 3 only fracturing 
parameter weighting factor that declining with time, where the other parameters weighting factor 
is increased even though not that much significant. This is indicating that the gas transport 
mechanism from matrix still have important factor over time, which is reasonable since for case 1 
the cumulative at 5 years production period is really similar with the 10-year production period. 
Therefore, gas transport mechanism could not be the main factor to increase the cumulative 
production for case 1. While in case 3, there are discrepancy between 5 and 10 years total 
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cumulative production, thus, gas transport mechanism still could be one of the factor that affecting 
total cumulative production. 
 
 
 
 
Figure 27 Cumulative Production Data for Case 3 with 10% Sensitivity Using Mixture 1 
 
 
 
 
Figure 28 Cumulative Production Data for Case 3 with 20% Sensitivity Using Mixture 1 
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Figure 29 Case 3 – 1-Year Cumulative Production Sensitivity Using Mixture 1 
 
 
 
 
Figure 30 Case 3 – 5-Year Cumulative Production Sensitivity Using Mixture 1 
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Figure 31 Case 3 – 10-Year Cumulative Production Sensitivity Using Mixture 1 
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Figure 32 Case 3 – Evolutionary Important Parameter Using Mixture 1 
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4.2.4. Case 4, low fracture conductivity and low matrix permeability 
Cumulative production results from 32 runs for 10% and 20% sensitivity is shown in Figure 
33 and Figure 34. I notice a higher discrepancy from 1 year to 5 years and from 5 years to 10 years 
cumulative production periods similar with case 2, high fracture conductivity and low matrix 
permeability. 
For case 4, three parameters are the most important during the first years of production: 
fracture permeability, fracture width and bottom hole pressure as shown in Figure 35. These three 
factors have weighting factors that are much higher ranked compare with the other factors. Even 
after 10 years production periods, these three parameters still hold the highest rank as shown in 
Figure 37. This is similar with case 3, the low fracture conductivity case, where fracture parameters 
were the most important parameters. However, for case 4 it is important to note that these factors 
remain constant during 10-year production period. The other important parameters are maximum 
confining stress and 𝑚-exponents, showing the stress dependence of the formation permeability is 
also important for this case. 
From the evolution of weighting factor with time in Figure 38, the sensitivity effect of 
fracture parameter is really high compare to the other parameters. In this simulation, we use the 
same fracture design for all the 4 cases, only the fracture permeability is different. In case 4, it 
shows that the current fracture design might not be on optimal condition, one visible output is the 
pressure profile in hydraulic fracture area as shown in Figure 39. Case 4 pressure profile is shown 
in the rightest picture in Figure 39 where fracture interference still located near the wellbore not 
reaching the tip of fracturing, while for more conductive fracturing, case 2, the pressure already 
covers all the fracturing area. This is because case 4 have lower fracture permeability make this 
case have lower pressure responds, thus, the total cumulative production is comparably low 
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compared with the other cases. The other reason for this case not productive is because the pore 
pressure in the matrix adjacent to the fracture area is still high, therefore it is difficult to benefit 
from the molecular transport. The molecular transport as described by Wasaki and Akkutlu (2015) 
will have greater contribution at lower pore pressure region. 
 
 
 
 
Figure 33 Cumulative Production Data for Case 4 with 10% Sensitivity Using Mixture 1 
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Figure 34 Cumulative Production Data for Case 4 with 20% Sensitivity Using Mixture 1 
 
 
 
 
Figure 35 Case 4 – 1-Year Cumulative Production Sensitivity Using Mixture 1 
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Figure 36 Case 4 – 5-Year Cumulative Production Sensitivity Using Mixture 1 
 
 
 
 
Figure 37 Case 4 – 10-Year Cumulative Production Sensitivity Using Mixture 1 
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Figure 38 Case 4 – Evolutionary Important Parameter Using Mixture 1 
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Figure 39 Pressure Profile for Run 1 After 10 Years Production Using Mixture 1. 
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4.2.5. Discussion of the sensitivity results for Mixture 1 
There are several significant findings that comes out of the sensitivity analysis of the 
Mixture 1, especially after observing the evolution of the weighting factor parameter with time: 
• For high fracture conductivity, stress dependent permeability of the micro-fractures 
is the most important parameter. At this case fracture already maintains an infinite 
conductive and it is become more difficult to distinguish the increase in cumulative 
production if fracture parameter is modified. Therefore, changing the fracture 
parameters are less influential on the production 
• For low fracture conductivity, during the first-year production period, the fracture 
permeability and the fracture width are the most important quantities.  
• For high matrix permeability cases it is clearly from the pressure profile from 
Figure 39 that the pressure affecting most of the reservoirs area. This is showing 
that there is no problem for gas transport for high matrix permeability case. 
Therefore, after the well could drain most of the reservoirs, the storativity and well 
condition is the most important parameter for well production. 
• For low matrix permeability cases, during the 10-year production period all the 
weighting parameters increase in production time, this indicating that the flow is 
still in transient flow region. 
For screening purposes, the least important parameters could be eliminated and the focus 
is on the most important parameter for a subsequent optimization study. In order to find the least 
important parameters from all the four cases, the bottom five of the weighting factor from all factor 
is kept and combined. Next, I find the most frequent parameters at the bottom five from all the 
scenarios. The process for the screening parameter is shown in Figure 40. For the screening 
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purposes, only the beta factor from 20% sensitivity is selected from all four cases and also at 1, 5 
and 10 years production period, totaling there are 12 scenarios.  
The result is shown in Table 11, where the most recurring parameter at bottom five for all 
scenario are fracture porosity and fracture young modulus. If six parameters should be removed 
for the optimization those are fracture porosity, fracture Young’s modulus, Poisson’s ratio, 
viscoelastic shear coefficient, fracture Poisson’s ratio and Young’s modulus.  These six parameters 
will be compared with the sensitivity results using mixture 2, to find its consistency. 
 
 
 
 
Figure 40 Sorting Selection for Screening Purposes 
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Table 11 Parameter Screening Results Using Mixture 1 
Parameter frequency 
Fracture porosity  10 
Fracture Young’s modulus  10 
Poisson’s ratio  9 
Viscoelastic shear coefficient  7 
Fracture Poisson’s ratio  6 
Young’s modulus  6 
Fracture half length 5 
Fracture width  3 
Large pore threshold  3 
m exponent  1 
 
 
 
4.3. Sensitivity Analysis for Mixture 2 
4.3.1. Case 1, high fracture conductivity and high matrix permeability 
The total cumulative production from case 1 using Mixture 2 is shown in Figure 41 and 
Figure 42. If the total cumulative production using Mixture 2 is compared with total cumulative 
production using Mixture 1, the cumulative production from Mixture 2 is significantly less 
compared with production using Mixture 1. This is as expected because lean gas is not exposed to 
nano-confinement effect, on the other hand, mixture with heavy components in nanopores are 
under a stronger influence of adsorption and confinement effect. Subsequently, the nanopore effect 
may change the composition of the fluids, which may promote the capillary condensation. Heavier 
the mixture the easier the condensation occurs, which will reduce the productivity. 
From Figure 43, during the first-year production period, maximum confining stress, bottom 
hole pressure, 𝑚-exponent, large pore threshold and matrix porosity are the most important 
parameters. It is similar with case 1 using Mixture 1 where maximum confining stress, bottom hole 
pressure, 𝑚-exponent and matrix porosity are the most important parameter. Furthermore, the 
weighting factor of bottom hole pressure and matrix porosity also increase with time for case 1 
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using Mixture 2. However, the most significant difference is in large pore threshold. Using Mixture 
2, large pore threshold weighting factor is significantly increased compared to that using Mixture 
1. From Figure 46, I can see that the importance of this parameter also increases in production 
time. Remember that the large pore threshold is the cut off nanopore size beyond which the 
adsorption and confinement effects become negligible and the hydrocarbons stored in the larger 
pores behave as bulk fluid. Hence, for a fixed total porosity, an increase in the large pore thresholds 
means hydrocarbons are stored in a larger volume of nanopores. 
 
 
 
 
Figure 41 Cumulative Production Data for Case 1 with 10% Sensitivity Using Mixture 2 
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Figure 42 Cumulative Production Data for Case 1 with 20% Sensitivity Using Mixture 2 
 
 
 
 
Figure 43 Case 1 – 1-Year Cumulative Production Sensitivity Using Mixture 2 
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Figure 44 Case 1 – 5-Year Cumulative Production Sensitivity Using Mixture 2 
 
 
 
 
Figure 45 Case 1 – 10-Year Cumulative Production Sensitivity Using Mixture 2 
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Figure 46 Case 1 – Evolutionary Important Parameter Using Mixture 2 
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4.3.2. Case 2, high fracture conductivity and low matrix permeability 
Cumulative production results from 32 runs for 10% and 20% sensitivity is shown in Figure 
47 and Figure 48. Both Figure 47 and Figure 48 shows large discrepancy from 1 year to 5 years 
and from 5 years to 10 years cumulative production periods which similar with case 2 Mixture 1.  
At Case 2 using Mixture 2, the maximum confining stress, the 𝑚-exponent, the bottom 
hole pressure, the fracture half-length, and the matrix permeability dominates during the entire 10 
years period as shown in Figure 49 through Figure 52. This result is similar to case 2 using Mixture 
1, where the stress dependent permeability parameter is the most important parameter for during 
10 years production periods. Large pore threshold weighting factor using Mixture 2 case 2, started 
at rank 10th at the end of the first year’s production then climbed up to rank 7th at the end of 10 
years production. This is showing that large pore threshold is becoming increasingly more 
important parameter in production time for the high fracture conductivity case and the low matrix 
permeability cases. 
 
 
 
Figure 47 Cumulative Production Data for Case 2 with 10% Sensitivity Using Mixture 2 
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Figure 48 Cumulative Production Data for Case 2 with 20% Sensitivity Using Mixture 2 
 
 
 
 
Figure 49 Case 2 – 1-Year Cumulative Production Sensitivity Using Mixture 2 
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Figure 50 Case 2 – 5-Year Cumulative Production Sensitivity Using Mixture 2 
 
 
 
 
Figure 51 Case 2 – 10-Year Cumulative Production Sensitivity Using Mixture 2 
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Figure 52 Case 2 – Evolutionary Important Parameter Using Mixture 2 
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4.3.3. Case 3, low fracture conductivity and high matrix permeability 
Cumulative production results from 32 runs for 10% and 20% sensitivity is shown in Figure 
53 and Figure 54. Both Figure 53 and Figure 54 show that cumulative production from 5 years to 
10 years is not significantly increased, roughly 20% more than the cumulative production for 5 
years.  
During the first-year production period for case 3 using Mixture 2, the bottom hole 
pressure, the fracture permeability, the fracture width and the maximum confining stress are, 
respectively, the most important parameters as shown in Figure 55. However, during 5 and 10-
year production periods as shown in Figure 56 and Figure 57, the bottom hole pressure, the large 
pore threshold and the matrix porosity are the most influential, followed by the fracture properties. 
The transition from gas transport mechanism to matrix porosity and bottom hole pressure also 
occurs in Mixture 2 high matrix permeability cases which indicate the drainage radius of the well 
already reach all the reservoir boundaries as shown in Figure 58. In addition, using Mixture 2 or a 
fluid with higher specific gravity, large pore threshold weighting factor also increases with time 
making this parameter important. Similar with case 3 using Mixture 1, the other weighting factor 
parameters are slightly increasing while fracture width and permeability decrease.  
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Figure 53 Cumulative Production Data for Case 3 with10% Sensitivity Using Mixture 2 
 
 
 
 
Figure 54 Cumulative Production Data for Case 3 with 20% Sensitivity Using Mixture 2 
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Figure 55 Case 3 – 1-Year Cumulative Production Sensitivity Using Mixture 2 
 
 
 
 
Figure 56 Case 3 – 5-Year Cumulative Production Sensitivity Using Mixture 2 
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Figure 57 Case 3 – 10-Year Cumulative Production Sensitivity Using Mixture 2 
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Figure 58 Case 3 – Evolutionary Important Parameter Using Mixture 2 
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4.3.4. Case 4, low fracture conductivity and low matrix permeability 
Cumulative production results from 32 runs for 10% and 20% sensitivity is shown in Figure 
59 and Figure 60. The cumulative shown in Figure 59 and Figure 60 showing same profile compare 
with the other cases in Mixture 2 it is the least cumulative production among all other cases. Also, 
there are higher discrepancy from 1 year to 5 years and from 5 years to 10 years cumulative 
production periods. 
Figure 61 until Figure 63 for weighting factor during 10-years productions shows the 
bottom hole pressure followed by the fracture permeability and the fracture width are the most 
important factors for the gas shale production. This result is similar compare with case 4 using 
Mixture 1, where these three parameters had the largest weighting factors. These three parameters 
also significantly improve overtime during its 10-year production period as shown in Figure 64. 
The next three important parameters are the maximum confining stress, the 𝑚-exponent, and the 
matrix permeability. Note, however that the magnitude of their sensitivities has dropped one order 
of magnitude compared to the top three ranked parameters. The ranking of the large pore threshold 
did not change over the past 10 years. Viscoelastic shear coefficient parameter begins to affect the 
production in this particular case, which is interesting. Note that the coefficient is related to 
geomechanical deformation at the fracture surfaces and indicate the ability of the proppants to 
embed into the matrix. The higher its value, the more easily the proppants embed into the matrix, 
the more fracture width we lose. Its weighting factor ranks 7th at 1-year production period and 
climbs up to the 5th at the end of the 10-year production. This stiffness is necessary to keep the 
fracture open, because it is not desired for fracture conductivity decrease with time, for example 
because of proppant embedment.  
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Figure 59 Cumulative Production Data for Case 4 with 10% Sensitivity Using Mixture 2 
 
 
 
 
Figure 60 Cumulative Production Data for Case 4 with 20% Sensitivity Using Mixture 2 
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Figure 61 Case 4 – 1-Year Cumulative Production Sensitivity Using Mixture 2 
 
 
 
 
Figure 62 Case 4 – 5-Year Cumulative Production Sensitivity Using Mixture 2 
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Figure 63 Case 4 – 10-Year Cumulative Production Sensitivity Using Mixture 2 
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Figure 64 Case 4 – Evolutionary Important Parameter Using Mixture 2 
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4.3.5. Discussion of the sensitivity results for Mixture 2 
In general, the results using Mixture 2 show similar behavior compared with simulation 
results using Mixture 1, however one parameter becomes more important in Mixture 2, which is 
the large pore threshold. The illustration for large pore threshold sensitivity is shown in Figure 65,  
because of adsorption and nano-confinement effect the mixture become heavier in the nanopore, 
as shown as its mixture density become larger. This effect is more apparent if the mixture contains 
heavier fraction of hydrocarbon. Therefore, a small perturbation for mixture 2 is more influential 
with the production performance. This is indicating that the nanopore size distribution of the matrix 
becomes an important petrophysical quantity as the fluid mixture becomes more diverse and multi-
component.  
Screening parameter also will be conducted using the same procedure as discussed in 
section 4.2.5, where the bottom five parameter for each case will be selected and sorted to find 
which parameter is the most frequent. The result is shown in Table 12, where the most recurring 
parameter at bottom five for all scenario are the fracture Young’s modulus and viscoelastic shear 
coefficient. If six parameters should be remove for the optimization, those are the fracture Young’s 
modulus, the viscoelastic shear coefficient, the fracture Poisson’s ratio, the Young’s modulus, the 
fracture porosity and the Poisson’s ratio.  These six parameters are similar to the results in section 
4.2.5 their ordering was different. Therefore, it is concluded for the subsequent optimization study 
these six parameters should be omitted for most of the case. However, for case 4, low fracture 
conductivity and low permeability, the viscoelastic shear coefficient may have contribution to gas 
production.  
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Figure 65 Illustration for Large Pore Threshold Sensitivity 
 
 
 
Table 12 Parameter Screening Results Using Mixture 2 
Parameter frequency 
Fracture Young’s modulus  9 
Viscoelastic shear coefficient  9 
Fracture Poisson’s ratio  8 
Young’s modulus  8 
Fracture porosity  7 
Poisson’s ratio  7 
Fracture half length 3 
Fracture width  3 
Matrix porosity  3 
Fracture permeability  2 
Matrix permeability  1 
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5. SUMMARY AND CONCLUSION 
 
5.1. Summary 
In this works sensitivity analysis is conducted using design of experiments, fractional 
factorial design, where 15 factors that are initially selected, and the design is performed using 
resolution IV design with total run 32 runs. To simulate the reservoir behavior a compositional 
reservoir flow simulation with deformable shale formation is used considering fracturing 
properties, matrix properties with the geomechanics consideration. 
Four reservoir/fracture condition are considered as separate cases during shale gas 
production for two separate gas mixtures. The cumulative production was observed at 1, 5 and 10 
years production period to find the evolutionary of the important parameter. The results show that 
9 out of 15 major parameters dominate the production performance of the well, which are the 
matrix porosity, the bottomhole pressure of production, the stress-dependent matrix permeability, 
the stress-dependent fracture width and fracture permeability, and the large pore threshold. 
5.2. Conclusions 
• From 15 parameters it is shown only 9 factors that give significant impact with the 
reservoirs, which are matrix porosity, bottom hole pressure, maximum confining 
pressure, m exponent, fracture half length, matrix permeability, fracture width, 
fracture permeability and large pore threshold. 
• For both higher permeability cases, it is shown at longer production period matrix 
permeability and bottom hole pressure will become the most important parameter. 
• 𝑝1 and 𝑚-exponent from stress dependent permeability at slit shape pores are the 
most important parameter  
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• Only for low fracture conductivity cases, the fracture properties which are fracture 
width and fracture permeability give the most important parameter. 
• The effect of Mixture 2 with heavier components shows reduction in total 
cumulative production period and large pore threshold become important 
parameter.  
• Six parameters found insignificant with cumulative production, which are fracture 
young modulus, viscoelastic shear coefficient, fracture Poisson’s ratio, Young’s 
modulus, fracture porosity and Poisson ratio. 
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NOMENCLATURE 
 
Petrophysical parameter 
𝐵𝑔 = gas formation volume factor 
𝑐 = total concentration or molar density 
𝑐𝑔 = gas compressibility 
𝐶𝑓𝐷 = Dimensionless fracture conductivity 
𝑫 = pore diffusion coefficient 
𝑫𝑠 = surface diffusion coefficient 
𝑑𝑝,𝐿 = large-pore threshold 
𝑑𝑝,𝑇 = trapped hydrocarbon cut-off 
𝐽 = diffusive flux 
𝑘𝑎 = stress dependent permeability 
𝑘𝑓 = fracture permeability 
𝑘𝑚 = matrix permeability 
𝑘0 = matrix permeability at no effective stress 
𝑘𝑔𝑎𝑠 = apparent permeability for gas transport 
𝑚 = exponent are the parameters of the stress-dependent permeability 
𝑃 = Pressure 
𝑃1 = maximum effective stress 
𝑃𝐿 = apparent permeability for gas transport 
𝑉𝑠𝐿 = Langmuir volume 
𝑤𝑓 = fracture width 
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𝑋𝑓 = fracture half length 
𝑦𝑖 = mole fraction 
𝛼 = Biot coefficient 
Γ = matrix of thermodynamic factor 
𝜀𝑘𝑠 = contribution of the organic volume over the total volume 
𝜇𝑔 = gas viscosity 
𝜌𝑔𝑟𝑎𝑖𝑛 = density of grain 
ℬ = the drag matrix 
 
Factorial design parameter 
𝐼 = defining relation 
𝑘 = number of factor or variable in factorial design 
𝑝 = the number fraction reduction in factorial design 
𝑥 = the factor or variable in factorial design 
𝑥𝑐𝑜𝑑𝑒𝑑 = the coded variables in factorial design 
𝑋 = matrix of design of experiments 
𝑦 = the experimental response 
𝑌 = matrix of experimental response 
𝛽 = weighting factor in responds surface modeling 
?̂? = The estimated weighting factors 
𝜖 = experimental error 
𝜇 = mean population 
𝜏 = treatment effect  
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